Introduction {#sec1}
============

Carrageenan is a collection of linear sulfated polysaccharides, which are widely used as thickeners or gelling agents in food products, personal care products, and healthcare.^[@ref1]−[@ref3]^ Gelation is induced by cooling down hot solutions of carrageenan, whereupon single helices are formed that can subsequently form double helices with other carrageenan strands under the assistance of cations such as potassium, sodium, or calcium.^[@ref4]−[@ref7]^ This double helix formation results in cross-linking and thus thickening or gelling behavior. Altering the precise chemical composition or concentration of carrageenan or the introduced cations results in different properties of the material.^[@ref4]−[@ref6]^ Cations are required to induce gelation, with low concentrations of cations leading to low-strength hydrogels. Increasing the concentration of potassium, on the other hand, results in an increasing presence of stiff fiber rods, while addition of sodium ensues more flexible superstructures.^[@ref5]^ The degree of sulfonation dictates the exact type of carrageenan; κ, λ, and ι-carrageenans are the most common carrageenan variants, having one, two, and three sulfate ester groups, respectively.^[@ref2]^ In this study, we focused on the industrially relevant κ-carrageenan, for which the gel properties can readily be manipulated by specific ion additions.^[@ref1],[@ref2],[@ref8]^

Detailed knowledge of the structure of carrageenan hydrogels is desirable for rational design of food and personal care products. Analysis of carrageenan gels or solutions is usually performed via bulk techniques such as rheology,^[@ref5]^ differential scanning calorimetry (used to study gel transition points^[@ref6]^), scattering techniques (small angle X-ray scattering and small angle neutron scattering, used to elucidate strand thickness and behavior^[@ref7]^), and pulsed field gradient nuclear magnetic resonance (PFG NMR, used to study self-diffusion of low- and high-molecular-weight solutes^[@ref9]−[@ref11]^). Although these methods provide a wealth of information on the structure, formation, and behavior of carrageenan gels, they generally do not provide spatial information on network heterogeneity.

Spatial heterogeneity is an important aspect of hydrogels: it influences rheological properties, plays an important role in the loading and releasing behavior of solutes, and may also modulate enzyme activity during digestion.^[@ref12]−[@ref14]^ Currently used imaging techniques \[e.g. electron microscopy (EM),^[@ref5],[@ref8]^ raster image correlation spectroscopy (RICS),^[@ref10]^ or fluorescence recovery after photobleaching (FRAP)^[@ref15],[@ref16]^\] have indicated that dense network regions exist on a micrometer scale. However, these methods require invasive or destructive sample preparation (EM) or have limited power to quantitatively resolve spatial heterogeneity (RICS and FRAP).^[@ref11],[@ref17]^ Quantitative nondestructive and noninvasive imaging techniques could prove to be valuable in confirming the existence and size of these regions. Here, we apply single-particle-tracking fluorescence microscopy^[@ref18],[@ref19]^ (sptFM) to study κ-carrageenan networks with high spatiotemporal resolution and nondestructive sample preparation.

In subdiffraction-limited sptFM, the positions of small (\<100 nm) fluorescent particles are determined with ∼10--40 nm accuracy by fitting the emitted point spread functions (PSFs) with a mathematical model.^[@ref20],[@ref21]^ By assessing the position of these fluorescent particles at a high temporal resolution (∼100 Hz), the movement of the particles in the *xy* focal plane can be determined. While the 2D sptFM methodology can be extended to include *z*-positional information (3D sptFM) using engineered PSFs, this can be actually detrimental for diffusion analysis because of a lower localization accuracy in the *xy* plane.^[@ref20],[@ref22]^ Because the behavior of the particles is directly influenced by the local environment,^[@ref14],[@ref19],[@ref23]−[@ref25]^ quantification and analysis of the movement leads to spatial characterization of the local surrounding medium. Recent sptFM performed on mixtures of ι- and κ-carrageenan gels^[@ref19],[@ref24]^ focused on using larger fluorescent particles (∼100 nm), effectively probing larger spatial structures than intended here.

In this study, we will employ sptFM to obtain quantitative and spatially defined structural information on κ-carrageenan gels by infusing fluorescent nanoprobes of 28 nm diameter in fully gelated networks. First, we will investigate the existence and properties of κ-carrageenan gel heterogeneity and analyze the diffusional behavior of the nanoprobes. Next, we will determine the morphology of the gel heterogeneity by evaluating nanoprobe trajectories based on their spatial position with sub-μm resolution.

Our results show the existence of primarily two nanoprobe diffusional states, which we attribute to diffusion in the coarse bulk network and in dense network regions, along with occasional switching between these states. The relationship between nanoprobe diffusion in the bulk coarse network is consistent with Johnson's obstruction model,^[@ref10],[@ref26],[@ref27]^ describing the coarse network as consisting of 3.2 ± 0.3 nm diameter κ-carrageenan fibers independent of sodium ion concentration. Within this coarse network, regions of dense networks with ∼1 μm diameter are embedded, irrespective of the sodium ion or κ-carrageenan polymer concentration. These dense network regions occasionally show mobility on the second-to-minute timescale, which we directly observed with multiple techniques.

Materials and Methods {#sec2}
=====================

κ-Carrageenan Gel Creation {#sec2.1}
--------------------------

κ-Carrageenan (Sigma-Aldrich, Zwijndrecht, The Netherlands) was thoroughly mixed with Milli-Q water with various volumes of 1 M 0.2 μm-filtered NaCl and KCl solutions to obtain various κ-carrageenan gels (0.5--2.5% (w/v) κ-carrageenan, 20 mM KCl, and 100--200 mM NaCl). This mixture was then heated in a heat block (Dry Block Thermostat, Grant Instruments Ltd, Shepreth, UK) to 75 °C and was left at this temperature for at least 15 min while regularly vortexing the solution. Then, 20 μL of the hot κ-carrageenan solution was pipetted on a cleaned (oven-burned at 500 °C for 20 min to remove possible organic fluorescent impurities^[@ref28]^) glass coverslip (Paul Marienfeld GmbH & Co. KG, Lauda-Königshofen, Germany; \#1.5H, 170 μm thickness), where the sample was confined by silicone wells. The sample was then left to solidify for at least 5 min before any measurement.

Probe Infusion in κ-Carrageenan Gels {#sec2.2}
------------------------------------

After solidification of the gel and directly (∼1--5 min) before imaging, 2 μL of  0.02% w/v 28 nm diameter nanospheres (FluoSpheres carboxylate-modified dark red, Thermo Fisher Scientific, Waltham, MA, USA) solution was added to the side of the gels (leading to 0.002% w/v nanosphere concentration in the final sample volume). Single-particle-tracking results shown in this study consist of two replicates with four areas characterized in every replicate.

Single-Particle Imaging {#sec2.3}
-----------------------

All imaging was performed on a home-build single-molecule microscope, fully described elsewhere.^[@ref29]^ Briefly, a 642 nm laser line was employed for epifluorescent illumination to excite the nanospheres via a Nikon 100× 1.49 NA HP/SR objective. The emission light was then filtered via a 700 ± 75 nm bandpass filter and imaged at 200 Hz with a Zyla 4.2 plus sCMOS (at 2 × 2 pixel binning, 128 nm pixel size) controlled using the micromanager software.^[@ref30]^ Occasionally, the emission light was guided via the bypass mode of a rescan confocal microscope, which reduced the pixel size to 122 nm (at 2 × 2 pixel binning). Four different fields of view of every gel were recorded for 8000 frames (40 s) each and analyzed.

Rescan Confocal Imaging {#sec2.4}
-----------------------

The home-build microscope described above was expanded with a rescan confocal microscope (RCM) unit (Confocal.nl, Amsterdam, The Netherlands).^[@ref31]^ The RCM uses the same laser line, and scans the confocal excitation spot over the sample through the same objective. The resulting emission light is rescanned with a mirror with 2× the sweep length as the excitation scanning mirror, leading to a 43 nm pixel size on the sCMOS chip. In practice, RCM is capable of a ∼40% increase in resolution with respect to the classical resolution limit.

Single-Particle-Tracking Analysis {#sec2.5}
---------------------------------

The raw recorded single molecule data were analyzed with the ThunderSTORM plugin^[@ref32]^ with pSMLM functionality^[@ref20]^ in FIJI.^[@ref33],[@ref34]^ A β-spline wavelet filter with scale 2 and order 3 was used for identification of molecules, after which a threshold of 1.25 times the standard deviation of the wavelet *F*~1~ value was used to detect single point spread functions (PSFs). Then, a 2D pSMLM sub-pixel fitting routine was employed on a 7 × 7 pixel region of interest around the center of the PSF. These subpixel localizations were loaded in MATLAB (The MathWorks, Natick, MA, USA) 2018b for further analysis.

Tracking of the individual localizations was performed via the tracking methodology incorporated in the SMALL-LABS software package,^[@ref35]^ with a minimum merit of 0.01, 5 ms integration time, a gamma of 1, a minimum track length of 2 frames, and a maximum step size of 5 pixels (0.6 μm). Then, for every track found in a movie, the mean jump distance (mjd) was calculated and a histogram of the mjd was produced, weighing the mjd on the number of localizations per track. The histograms were plotted on a logarithmic *x*-axis and fitted with a double log-Gaussian, constraining the peak position of the Gaussians between (7 and 148) nm, and between (55 and 1097), nm respectively. These bounds were never limiting the fitting peak positions.

The peak positions are plotted either directly as mjd, or recalculated as the diffusion coefficient: , where σ is the localization uncertainty. The localization uncertainty was estimated by fitting a representative subset (∼4% of frames evenly spread over a single movie) of all localizations of all datasets with a maximum likelihood (MLE) Gaussian fitting model within ThunderSTORM,^[@ref32]^ and extracting the calculated localization uncertainty.^[@ref36]^ MLE-Gauss fitting is shown to have a ∼4% difference in localization uncertainty compared to the used phasor fitting.^[@ref20]^ Over all localizations, a mean localization uncertainty of 22 nm was found, corrected for the difference in localization uncertainty.

Quantification of Probe State Switching {#sec2.6}
---------------------------------------

To have an indication of how many probes show behavior characteristic of switching from obstructed diffusion in the coarse network to largely immobilized diffusion in the dense network regions (e.g. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C bottom), all tracks from a single movie were tested as follows: first, tracks shorter than 20 frames were discarded, as these show insufficient information to assess switching behavior. Then, a 2-frame-moving average of the jumping distance plot was created. If this moving average plot had at least 5 consecutive frames (25 ms) of at least 150 nm jump distance (i.e. obstructed diffusion in the coarse network), along with at least 10 consecutive frames (50 ms) of at most 100 nm jump distance (i.e. largely immobile behavior), the track was indicated to be state-switching.

![sptFM in κ-carrageenan gels. (A) Schematic representation of fluorescent probes (red), embedded in a gel matrix (dotted lines). These probes are capable of diffusion in the gel matrix (arrows). A coarse network (light gray region) allows for obstructed diffusion of the fluorescent probes, while dense network regions (dark gray region) further decrease the mobility of the probes. (B) Typical localization (blue asterisks) and tracking (yellow-red colored lines) overlaid on a raw microscopy image. Shown here is single-particle-tracking of 28 nm diameter polymer probes in a 1% κ-carrageenan gel with 200 mM NaCl, 20 mM KCl. Highlighted regions are enlarged in (C). (C) Examples of obstructed diffusing (top), largely immobile (middle) or transitioning (bottom) particles. Left: the corresponding 2D movement of the single tracks. Middle: jump distance of this track plotted against the time of the track. Right: histogram created from the jump distances found in the track. Revealing network heterogeneity by the multimodal probe self-diffusion behavior.](la0c00393_0001){#fig1}

Obstruction Model {#sec2.7}
-----------------

Johnson's obstruction model^[@ref10],[@ref26]^ was calculated according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}where *D* is the measured diffusion coefficient, *D*~0~ the diffusion coefficient of the probe in pure water, *r*~s~ the nanosphere radius, *r*~f~ the κ-carrageenan strand radius, and ϕ the polymer volume fraction. The κ-carrageenan strand radius is the only unknown parameter in this equation. This model is fitted to the obtained mjd log-Gaussian peak positions for both experimental conditions via a non-linear fitting procedure in MATLAB and a 95% confidence interval was obtained from this fit.

Johnson's obstruction model assumes the following conditions: (1) the collisions between the probe and network are elastic; (2) the movement of the fibers is slow compared to the interaction times of the probes; (3) the entire volume is accessible except for the volume occupied by the probes and the fibers; (4) diffusive freedom of the probes in the polymer; and (5) non-negligible hydrodynamic drag of the probes. In our setting, the use of the Johnson model is justified, as (1) the probes and polymers are both hard structures, (2) only brief (elastic) interactions between the probes and polymers occur, and (3) the probes have no expected affinity to the polymer.

Mobility Maps {#sec2.8}
-------------

To create mobility maps, all localized particles were divided into three groups (immobile, mobile, or undefined) based on the mjd of the track to which the localizations belong. The double Gaussian fit of the mjd histograms of a single experiment (described above) was used to determine cut-off jump distances at which the ratio of the probability of the Gaussians was 0.95 for either *P*(mobile)/*P*(immobile) or for *P*(immobile)/*P*(mobile) (also see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Then, the localizations that correspond to tracks with jump distances lower than the jump distance found for *P*(immobile)/*P*(mobile) = 0.95 were termed "immobile". A similar procedure was performed to find localizations that were termed "mobile". Localizations that were neither "immobile" nor "mobile" were discarded for mobility mapping.

Next, an average shifted histogram of only the "immobile" or "mobile" localizations was created via an algorithm identical to the ThunderSTORM^[@ref32]^ average-shifted histogram visualization option with a magnification of 2 and a lateral shift of 2 pixels. These "immobile" and "mobile" mobility maps were colored and overlaid on each other.

Results and Discussion {#sec3}
======================

κ-Carrageenan Gel Networks Probed using Fluorescent Probes {#sec3.1}
----------------------------------------------------------

κ-Carrageenan solutions were prepared at varying polymer concentrations (0.5--2.5% w/v), varying NaCl concentrations (100--200 mM), and a fixed KCl concentration (20 mM). These compositions are commonly employed in food products^[@ref37]^ and literature,^[@ref4]−[@ref6],[@ref10]^ and form gels throughout the parameter space. After cooling on a glass coverslip, 28 nm diameter carboxylate-modified fluorescent polymer nanospheres were infused into the gel. These probes were expected to move around in the gel network with a reduced diffusivity because of obstruction caused by the local network structure ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A).^[@ref26]^ When we attempted to infuse nanospheres before gelation, we observed that a combination of residual salt and heating to 75 °C resulted in probe aggregation, and thus this procedure was not pursued further. Either the presence of residual salt or an increased temperature did not affect the diffusion of nanospheres, however.

Fluorescence emission from single probes could be observed using a 642 nm excitation laser light and a 5 ms camera frame time ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). The PSFs were then identified and fitted (Methods; blue asterisks in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B,C). These positions were compared and potentially linked to those in the previous frames to create tracks. The diffusivity and jump distance of single tracks are shown as lines in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B,C.

Qualitatively, we could distinguish primarily two different mobilities of the fluorescent probes in the hydrogel network. We found that some of the probes were able to move around in the gel network slightly obstructed, leading to jumping distances in the order of several hundred nanometers (e.g. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C top). Other probes showed largely decreased self-diffusion over long time scales (\>seconds; e.g. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C middle) in which the jumping distance is below ∼100 nm. Occasionally, probes showed interchanging behavior between these two previous states (e.g. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C bottom).

These results agree with earlier studies indicating the presence of spatial heterogeneity in the κ-carrageenan hydrogel networks.^[@ref10],[@ref38],[@ref39]^ The coarse network bulk is expected to have a polymer concentration-dependent mesh size of ∼100 nm, allowing slightly obstructed diffusion of the 28 nm diameter probes, in agreement with our first observed species ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C top). Meanwhile, distinct regions in the network exist with a much denser network with mesh size \<∼20 nm^10^, leading to hampered entry of the probes in the dense, but inherently flexible hydrogel network. This finding is in agreement with probes getting trapped and showing largely decreased self-diffusion ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C middle). Because probes are confined in both the coarse network bulk and the dense network regions, the diffusion coefficient obtained from jump distance analysis employed here is equally informative as mean squared displacement (MSD) analysis. Moreover, further quantification of the confinement effects via MSD would have to build on the assumption of spatial homogeneity,^[@ref40]^ which is not present here.

Nonspecific chemical adsorption of the probes to network strands is unlikely because of repulsive negative charges. Moreover, similar experiments in a nongelated κ-carrageenan polymers (because of the absence of salt) showed only a single-diffusive population ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00393/suppl_file/la0c00393_si_001.pdf)), suggesting that in those experiments, diffusion is determined solely by the viscosity of a semidilute polymer solution.^[@ref41]^

The observation of occasional switching of the probe behavior from the trapped state to the obstructed diffusing state or vice-versa ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C bottom) indicates structural rearrangement of the dense network. This finding is strengthened by the presence of trapped probes in these experiments in general, as the probes were infused after network formation and became trapped in the already gelled dense network region.

3.2 nm Diameter κ-Carrageenan Network Fibers Hinder Probe Self-Diffusion in the Coarse Network {#sec3.2}
----------------------------------------------------------------------------------------------

To quantify the probe diffusion profiles, we plotted the mjd of a single track weighted by their corresponding number of localizations as histograms ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B, Methods). These data can be well described by two populations;^[@ref39]^ one corresponding to the probes trapped in the dense network (red outline in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B); and one corresponding to the probes showing obstructed self-diffusion in the coarse network (blue outline in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B). The state-switching behavior shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C bottom should be present in these histograms as a population with a convoluted mjd of the trapped and obstructed probes.^[@ref29],[@ref42]^ However, this behavior is rare (\<2% of all tracks longer than 20 frames likely show state-switching behavior; Methods), and is therefore not attempted to quantify. The mjd of each population was determined by fitting logarithmic Gaussian functions on the histogram ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B).

![Quantification of network obstruction experienced by fluorescent probes. (A,B) Histogram of mean jump distances, weighted on track length, found for freely diffusing 28 nm probes in water (top) and in 0.5--2.5% κ-carrageenan gels with 20 mM KCl and 100 mM NaCl (A) or 200 mM NaCl (B). The histograms are fitted with 2 Gaussian profiles shown in red (trapped population) and blue (obstructed population). Vertical black-dotted lines are added as a guide to the eye, shaded red/blue profiles show the standard deviation of the fit, derived from populations fitted to individual single-particle-tracking movies (each 12.5% of the complete data). (C) The mean trapped \[red population in (A,B)\] and obstructed \[blue population in (A,B)\] jump distance plotted vs the κ-carrageenan polymer content. Error bars represent the standard deviation of the fitted profile determined in (A,B). (D) Normalized diffusion coefficient corresponding to the mjd of the obstructed fraction as plotted in (C), assuming a 22 nm localization uncertainty. An obstruction model (dashed line, Methods, main text; dotted lines indicate 95% confidence interval of the fit) was fitted to the data and reveals a fiber diameter of 3.2 ± 0.3 nm.](la0c00393_0002){#fig2}

The mjd plotted as a function of κ-carrageenan polymer and NaCl concentrations ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C) revealed that the population describing the trapped probes (red outline in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B) is unaffected by the polymer or NaCl concentration. The trapped probes had an average jump distance of ∼70 nm, which is higher than expected for fully immobile probes in which the measured jump distance is fully covered by the finite localization precision (22 nm; Methods). This trapped population had a self-diffusion coefficient of ∼1 × 10^--13^ m^2^/s, which is an inseparable convolution of probe self-diffusion and movement of the dense network region. We note that we observed a higher self-diffusion than shown previously for dendrimers trapped in κ-carrageenan gels observed via PFG NMR (10^--14^ m^2^/s).^[@ref10]^ We attribute this to the coating of the dendrimers used in ref ([@ref10]) with inert ethoxylate chains, which may entangle with polymer strands in the dense network.

The population describing the probes in the coarse network (blue outline in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B) shows a decreasing mjd with increasing κ-carrageenan polymer concentration, while it is mostly unaffected by the NaCl concentration. The mean diffusion coefficient of this obstructed population was ∼1 × 10^--12^ m^2^/s in 2.5% κ-carrageenan gels and increased to ∼5 × 10^--12^ m^2^/s in 0.5% κ-carrageenan gels. This relation between the probe self-diffusion coefficient and the polymer concentration can be accurately fitted by Johnson's obstruction model^[@ref10],[@ref26]^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D; Methods), indicating that the probe self-diffusion is obstructed by fibers of 3.2 ± 0.3 nm diameter in the coarse network. This finding agrees with earlier NMR studies in which a fiber diameter of ∼3 nm was found.^[@ref10],[@ref27]^

Dense Networks Span 1 μm-Sized Regions {#sec3.3}
--------------------------------------

Next, we were interested in the spatial distribution of the network heterogeneity, which was not yet addressed in comparable experimental settings.^[@ref25],[@ref39]^ To this end, the observed tracks were divided into three groups based on their respective mjd ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The first group (red) consists of tracks that have ≥95% probability of belonging to probes trapped in the dense regions. The second group (yellow) consists of tracks that have ≥95% probability of belonging to probes in the coarse network. The third group consists of tracks that cannot be attributed clearly to either the first or second group and where therefore discarded from further analysis.

![Mobility mapping of immobile and mobile regions in κ-carrageenan gels. (A) Procedure to sort single localizations in immobile (red), mobile (yellow), or intermediate (discarded) groups based on the mjd of their corresponding track. (B) Representative image of a resulting pseudo-color-coded mobility maps. Red regions are locations consisting of solely immobile particles, yellow regions are locations consisting of solely mobile particles, and orange regions (arrows) are locations where both immobile and mobile probes are present. The outlined region is enlarged in (C). (C) Zoom-in from (B) with a proposed schematic network structure overlaid on the image. Dense network regions show translational migration in κ-carrageenan hydrogels.](la0c00393_0003){#fig3}

Next, we created mobility maps (Methods) in which an image with a pixel size of 61 × 61 nm is pseudo-color coded based on the local probe behavior ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). The map shows the existence of ∼1 μm sized regions characterized by the presence of immobile probe(s), while there are no nearby mobile probe(s). Probes are trapped in these regions (red), while probes present in the coarse network surrounding the dense regions (yellow) are unable to enter ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C), possibly resulting in black regions indicative of the absence of any probes. These dense network regions have similar length scales to those shown previously with EM.^[@ref15]^

We confirmed the existence and size of these dense regions via rescan confocal microscopy (RCM).^[@ref31]^ Here, the κ-carrageenan gels were infused with a higher concentration of fluorescent probes (0.03% w/v instead of 0.002%), causing fluorescence accumulation in the dense regions with respect to the coarse network.^[@ref10]^ As a result, the dense regions with the trapped probes were very bright compared to the areas in which the obstructed diffusing particles cause a heterogeneous and noisy background fluorescence. The dense regions were identified by taking a temporal median average over multiple RCM images ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00393/suppl_file/la0c00393_si_001.pdf)) and had a similar size to the ones determined via sptFM. Moreover, the size and distribution of the dense regions did not seem to depend on the tested κ-carrageenan polymer concentration range ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00393/suppl_file/la0c00393_si_001.pdf)).

Two species of immobile particle regions could be distinguished in the single-particle-tracking derived mobility maps ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). First, there were regions that are characterized by the presence of immobilized probe(s) in the center and the absence of mobile probes in the direct periphery. We attributed these regions to stable dense network regions, as these mobility maps represent a temporal integration and are therefore averaged over 40 s of each recorded movie. Second, we observed immobilized probe(s) directly adjacent to and overlapped by mobile probes (i.e. orange regions, arrows in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B), which could not be attributed to stable dense network regions. We hypothesized that these occurrences are caused by temporal variations in the gel network, where the dense network regions themselves are mobile within the acquisition time (40 s).

Therefore, we investigated the same mobility maps, but with a sliding temporal window. Similar dense network regions were observed, but some appear to migrate or disintegrate over time. We show an example in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A, where the same position in the gel is shown as a mobility map integrated over 0--20 s and 21--40 s of the same movie. During the first 20 s, a dense network region with a diameter of ∼1.5 μm is visible (dotted outline in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Later at the same position, however, only mobile particles are present. Meanwhile, a new dense region can be found ∼0.5 μm below the previous dense region. This finding suggests that dense network regions itself can migrate on the second to minute timescale even after full gelation. We note that by decreasing the temporal integration time, we are reducing the number of localizations used for creating the mobility maps. This effectively sets a lower limit to the time interval possible to be studied with mobility maps because of a decreasing signal-to-noise ratio.

![Movement of dense network regions in the coarse network. (A) Mobility maps of immobile (red) and mobile (yellow) probes in a 1% κ-carrageenan, 200 mM NaCl, and 20 mM KCl gel. The position of all particles found in the time range 1--20 s (left) or 21--40 s (right) are overlaid. The white-dotted outline represents the proposed outline of the dense region (B) RCM images show a migrating dense network region (indicated by arrows) in a 1% κ-carrageenan, 200 mM NaCl, and 20 mM KCl gel (also see [Movie S.1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00393/suppl_file/la0c00393_si_002.zip)). Images represent single RCMs, except for the 6--73 and 79--156 s images, where the median of the corresponding RCMs is shown.](la0c00393_0004){#fig4}

We confirmed the migration of dense regions via rescan confocal microscopy operating at 1 Hz. While the presence of immobile regions is difficult to assess in single frames because of a low signal-to-noise ratio, assessment of multiple frames shows occasional and abrupt migration of dense network regions ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B, [Movie S.1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00393/suppl_file/la0c00393_si_002.zip)). This single migration event had a diffusion coefficient of ∼4 × 10^--13^ m^2^/s; this is faster than the trapped probe fraction determined earlier, but an order of magnitude slower than probes moving in the coarse network. This indicates that the migration is not caused by diffusion of the dense regions while normally embedded in the coarse network. Identical experimental conditions of solely mobile fluorescent probes revealed no observable immobile or migrating regions as these move too fast to be captured with a frame rate of 1 Hz ([Movie S.2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00393/suppl_file/la0c00393_si_002.zip)).

This dense network region migration is de facto different from the trapped fluorescent probe diffusion shown earlier. The trapped probe diffusion is a convolution of probes diffusing within single immobile dense network regions and possible movement of these dense network regions. Most observed dense network regions ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Movie S.1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00393/suppl_file/la0c00393_si_002.zip)) are immobile on the micrometer scale, indicating that the trapped probe diffusion is governed by probe diffusion within dense network regions rather than dense network region migration. Contrarily, mobility maps and RCM movies show movement of the dense network regions themselves, as these methods are only sensitive to movement of the complete dense network regions rather than of single probes.

Migration of dense network regions can be explained by continuous slow reorganization of the bulk coarse network, whereupon at a certain critical reorganization level, the dense network is allowed to suddenly migrate within the bulk coarse network. Because of the rarity of these migrating dense network regions, along with poor signal to noise levels in both the temporally limited mobility maps and the RCM images, we did not attempt further quantification of the dense network region movement in this study.

Conclusions {#sec4}
===========

In this study, we qualitatively and quantitatively visualized heterogeneity present in κ-carrageenan gels with sptFM. We observed bimodal self-diffusion of inert fluorescent probes embedded in the gels with occasional switching between the two states. By analyzing these states, we characterized κ-carrageenan gels as consisting of a coarse network with 3.2 ± 0.3 nm diameter fibers, in which ∼μm-sized dense network regions are present. These dense network regions showed rare and abrupt migration with a diffusion coefficient of ∼4 × 10^--13^ m^2^/s, suggesting continuous reorganization of the κ-carrageenan network even after full gelation. Quantitative information on the heterogeneity and reorganization kinetics is relevant for transport and release of low- and high-molecular-weight solutes in hydrogels, as well as for infusion and activity of digestive enzymes.

The existence and size of the dense network regions, as well as the size of the κ-carrageenan fibers, are in line with the results obtained from studies using either invasive or nonspatial techniques (nuclear magnetic resonance diffusometry or EM^[@ref5],[@ref8],[@ref10]^). Our work indicates that the technique used here is reliable and has distinct advantages because of its noninvasive nature and spatial resolving power. Employment of sptFM, therefore, has potential to quantitatively and spatially assess the self-diffusion behavior of multiscale solutes in complex heterogeneous hydrogels.
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